Purpose: The study sought to compare the usefulness of 4 imaging modalities in visualizing various intraorbital foreign bodies (IOFBs) in different sizes. Methods: Six different materials including metal, wood, plastic, stone, glass. and graphite were cut in cylindrical shapes in 4 sizes (dimensions: 0.5, 1, 2, and 3 mm) and placed intraorbitally in the extraocular space of fresh sheep's head. Four skilled radiologists rated the visibility of the objects individually using plain radiography, spiral computed tomography (CT), magnetic resonance imaging (MRI), and cone-beam computed tomography (CBCT) in accordance with a previously described grading system. Results: Excluding wood, all embedded foreign bodies were best visualized in CT and CBCT images with almost equal accuracies. Wood could only be detected using MRI, and then only when fragments were more than 2 mm in size. There were 3 false-positive MRI reports, suggesting air bubbles as wood IOFBs. Conclusions: Because of lower cost and using less radiation in comparison with conventional CT, CBCT can be used as the initial imaging technique in cases with suspected IOFBs. Optimal imaging technique for wood IOFBs is yet to be defined.
Roughly 3% of all visits to emergency departments in the United States are because of trauma to the eye [1] . A considerable proportion of these traumas are along with intraorbital foreign bodies (IOFBs). Identification and accurate localization of these IOFBs is pivotal for appropriate management of victims [2] .
Although by now various imaging techniques have been used in detecting IOFBs, the ideal modality is still a matter of debate [3, 4] . Plain radiography is a widely available modality, but it is not enough for evaluating orbital soft tissue injuries [5] . Ultrasonography is a sensitive tool for examining intraorbital content. It should, however, be used with extreme caution in ocular trauma because any contact of ultrasound transducer with a traumatized eye may lead to extension of injuries even in experienced hands [6] . Magnetic resonance imaging (MRI) is seldom used as an initial imaging technique in emergency departments. In addition, its use is contraindicated in foreign bodies with unknown origin [2] . Computed tomography (CT) is a widely suggested imaging modality in cases with suspected foreign bodies. Its use, however, in IOFBs has rarely been investigated [7] . Cone-beam computerized tomography (CBCT [or C-Arm CT]) is a rather new imaging technique that has been proved useful in maxillofacial imaging [8e 10]. In this technique a divergent or cone-shaped source of ionizing beam is used against a 2-dimensional surface detector that is fixed to a rotating gantry and provides multiple sequential projection images in a full scan of an area of interest [11] . These obtained images are used to produce a series of 3-dimensional data, which are utilised to reconstruct the primary image in 3 orthogonal axial, sagittal, and coronal planes [12] . Compared to conventional CT, CBCT needs lower doses of ionizing radiation in similar conditions [11] . To the best of our knowledge, the usefulness of CBCT has not been previously examined in cases with IOFBs.
This study sought to compare the visibility of various IOFBs in different sized using plain radiography, CT, MRI, and CBCT.
Methods

Foreign Bodies
Six different materials including metal (iron), wood (dry), plastic (polyvinyl chloride), stone, glass, and graphite ( Figure 1 ) were cut in similar shapes (cylinder) in 4 sizes (dimensions: 0.5, 1, 2, and 3 mm) and used as IOFBs in this in vitro study.
Specimens
Six fresh sheep's heads were used 1 day after animal death. Small slots were made in the intraorbital tissues located around the globe inside the extraocular compartment. Foreign bodies were gently inserted into the slots, while some slots were left empty to assess false positivity. Imaging studies were carried out at the same day.
Imaging
Conventional Plain Radiography
Anteroposterior and lateral images were obtained. The conventional setting for imaging human skull was used (75 kVp, 20 mA).
Spiral CT
Somatom Sensation 16 CT scan machine (Siemens, Forchheim, Germany) was employed. The conventional setting for imaging human head was used: the reconstruction matrix size ¼ 512 Â 512, kVp ¼ 110, minimum slice thickness ¼ 0.6 mm. Soft tissue reconstruction was performed using a dedicated software package (Syngo DynaCT, Leonardo, Siemens).
MRI
MR images were acquired using a Siemens Avanto 18 
CBCT
CBCT was performed using NewTom VG Cone Beam CT machine (Quantitative Radiology, Verona, Italy) using cone X-ray beam, a flat panel detector of 1920 Â 1536 pixels, 15 cm Â 15 cm detector size, 360 degrees rotation, 18-second scan time, kVp of 120, and minimum slice thickness of 1 mm. Image reconstruction and interpretation was done using NNT Viewer version 2.17 (NewTom; Quantitative Radiology). Analysis A previously described 4-point scoring scale ranging from 0 to þ4 [13] was used for assessing visibility of IOFBs (Table 1) . Four skilled radiologists (2 general radiologists and 2 oral and maxillofacial radiologists) with more than 8 years of academic experience were solicited to review and evaluate images individually. The average of the results was documented. The observers were unaware of the composition, place or the number of IOFBs.
We certify that all applicable institutional and governmental regulations concerning the ethical use of animals were followed during this research.
Results
There was an excellent inter-rater agreement [14] between the observers (Average Cohen's kappa ¼ 81%).
Visibility scores are summarized in Table 2 .
Metal
All metal IOFBs were visualized perfectly on both CT and CBCT images with equal accuracies. Radiography was not completely accurate in detecting IOFBs less than 2 mm in size ( Figure 2 ). MRI was not used for metal IOFBs.
Wood
Wood could only be detected by using MRI, and then only when fragments were more than 2 mm in size. Neither CT nor CBCT was able to detect wooden fragments in any size ( Figure 3 ).
Plastic
With equal accuracies CT and CBCT were able to visualize plastic ( Figure 4 ). Neither radiography nor MRI detected plastic IOFBs.
Stone
Stone was best visualized on CT and CBCT images. MRI was able to detect large enough fragments (ie, >0.5 mm). Radiography was not accurate at all ( Figure 5 ).
Glass
The best results were documented by CBCT followed by CT. Both radiography and MRI yielded unacceptable results in this regard ( Figure 6 ).
Graphite
The best results were observed by CBCT, followed by CT, radiography, and MRI, respectively (Figure 7 ).
False-Positive Reports
There were 3 false-positive MRI reports, all suggesting air bubbles as wood IOFBs (Figure 8 ).
Discussion
In patients with ocular trauma and suspected IOFBs, determining the true number and exact location of penetrated fragments is crucial for an appropriate management [15] . Even minor mistakes may lead to severe endophthalmitis and drastic consequences such as vision loss [16] .
Plain radiography has been used for a long time in identifying and localizing IOFBs [17] . Its usefulness in IOFBs, however, is still under dispute with a sensitivity ranging from 70%-90% for radiopaque fragments [18] , and from 0%-40% for radiolucent particles [19] . Inaccuracy of radiography in visualizing small radiopaque foreign bodies and those composed of radiolucent materials such as plastic and wood, as observed in the present study, is not unexpected [20] . Despite these limitations some authors recommend radiography as an initial exploratory imaging technique in the presence of clinically evident ocular penetration [21] . Although widespread availability and simplicity to use may 
CBCT ¼ cone-beam computed tomography; CT ¼ computed tomography; IOFBs ¼ intraorbital foreign bodies; MRI ¼ magnetic resonance imaging; NU ¼ not used. justify such recommendations, our findings indicate that this approach would be noncontributory in a significant number of patients; namely in those who suffer from radiolucent IOFBs.
In contrast to radiography, many authors have suggested helical CT as the imaging method of choice for management [5, 19, 22] or initial evaluation [2] of patients with suspected IOFB. A distinct advantage of helical CT over other imaging modalities is its capability to determine the type of penetrated fragments by measuring their Hounsfield unit [20] . In agreement with these affirmative reports, in the present work helical CT managed to visualize all sizes of foreign bodies barring wood.
Wood foreign bodies have been found as areas of hypointensity [23, 24] or linear/cylindrical hyperintensity [24, 25] in CT images. This inconsistency is probably related to the water content of wood fragments. Dry wood, as compared to green wood, exhibits more attenuation in CT images [24] . Owing to a high air content of dry wood, it may be mistaken for air (Figure 8) , especially in narrow-window images [26] . We used dry wood particles in the present work. This could make them indistinguishable from air bubbles, which are frequently observed along the line of penetration in acute phase by CT [27, 28] . This is probably why all 3 falsepositive reports in the present work were suggested as wood, while they were actually air bubbles. Although to overcome this mistake observation of a hypodence mass with geometric margins in CT images has been suggested to be regarded as wood [29] , this approach does not seem to be accurate enough. In such cases ultrasonography has been suggested as a recourse [30] . In a similar study in the maxillofacial region, large enough wood foreign bodies could only be detected using ultrasonography [31] . The potential hazard of further injury after physical contact of ultrasound probe with the traumatized glob, however, may limit the practical use of ultrasonography in subjects with ocular trauma and suspected IOFBs [15, 16] . According to the guidelines of the Royal College of Radiologists, orbital CT imaging might be considered when pre-CT plain X-ray orbital radiography, despite the presence of clinically evident ocular penetration, is nonproductive; or when radiolucent or multiple intraorbital fragments are suspected [32] . Findings of the present study, however, in conformity with the results of a previous report [21] , suggest that this guideline needs reevaluation. As a general rule, when the type of a foreign body is unknown, MRI as the initial investigating technique is contradicted due to the potential danger of further tissue damage by possible movement of a metallic foreign body within magnetic field [20] . This hazard is independent of particle size or the intensity of magnetic field [2] . Beside other general limitations of MRI such as a high cost and time consumption, emergence of frequent artifacts associated with eye movement during imaging and presence of radiopaque materials [20] (see Figure 8 ) further restrict using this technique in cases with suspected IOFBs. In the face of these drawbacks, MRI has been proposed as an accurate imaging method in visualizing radiolucent foreign bodies such as wood [27] . Interestingly, MRI was the only imaging modality in the present study that was able to detect wood. Very low accuracy, however, renders MRI unreliable in this regard (see Figures 3B and 8) . On the basis of previous discussion on the usefulness and limitations of ultrasonography in this regard in selected cases that are negative for foreign body in face of good clinical suspicion a careful ultrasound examination to find wood fragments might be useful. This needs to be tested in future studies.
CBCT is a rather novel imaging technique. In a study by Stuehmer et al [8] on 3 cases of airgun injuries, they concluded that CBCT is superior to CT in detecting damages in the hard-tissue placed next to the high-density metal projectiles. The main superiority of CBCT over CT was attributed to 3-dimensional images obtained by the former technique that were largely free from metal artifacts.
In another case report, Schnider et al [10] emphasized on the accuracy of CBCT in locating, visualizing and surgically removing glass particles in the oral cavity.
Dalili et al [9] compared findings of CBCT and panoramic radiography in the assessment of the relationship between the mandibular canal and impacted class C mandibular third molars and concluded that CBCT provides more precise diagnostic information.
To the best of our knowledge, this is the first study in the literature that evaluates the role of CBCT orbital imaging in IOFBs. Based on our results, both spiral CT and CBCT are almost equally accurate in such cases. Because of a lower cost and less radiation with CBCT in comparison with spiral CT [11] , however, the former could be recommended as the method of choice in evaluating patients with ocular trauma and suspected IOFBs.
Sufficient number of experienced radiologists as raters, using several, frequently encountered materials in different sizes as IOFBs, providing images for all significant findings that may be found helpful by physicians in dealing with uncertain cases, and examining the usefulness of CBCT in detecting IOFBs for the first time in the literature are major strengths of the present work. Nevertheless, due to a reason that needs no further explanation this study was not performed in vivo and this is the main limitation that should be acknowledged. In vitro models lack the ability to reproduce inflammatory reactions around foreign bodies seen in acute phase in a living tissue [2] . As a result, it is not possible to use contrast media when an imaging modality such as MRI or CT is tested. In addition, the influence of body reaction in chronic cases on image quality cannot be determined in vitro [27] . Comparing findings of different imaging techniques in human cases with foreign bodies with results of such in vitro examinations may further clarify the issue.
Intraocular examination of foreign bodies was not possible in the present study. In real conditions, intraocular penetration of foreign bodies usually occurs following high velocity impact of fragments with the globe. Simulating this condition was not feasible in this in vitro study, so the foreign bodies were placed in the immediate extraocular space between the globe and the bony socket (orbit). Although it cannot be expected that placing a foreign object inside the globe would have significant effect on the visualization of foreign bodies by the employed imaging modalities, placing them near the bony structure of the orbit could have attenuated diagnostic accuracy. This limitation may lead to underestimation of the accuracy of the used imaging techniques in identifying intraorbital, intraocular foreign bodies. Future studies for differentiating these 2 conditions using various imaging modalities are recommended.
Conclusion
In conclusion, except for wood, both spiral CT and CBCT were equally accurate in visualizing various IOFBs in different sizes and the results were superior to the findings of plain radiography or MRI. Considering safety and cost, CBCT is superior to spiral CT in this regard. Although MRI was the only technique that detected wood, its accuracy was not enough. Future studies using ultrasound in such cases are recommended.
